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The National Aeronautics ant] Space Acfministra[icm  (NASA) }Ias establis}~cd  [he Nw7  Millennium Program
(NM}’) to cnahlc  space and I:artb  science missions [o be carried OIL[ far more cm+  effectively in [he 21 S[ century
than they arc today. NMP will develop ancl  flight va]iclate  the revtJlutional-y  technologies that will be needed to
carry oul NASA’s 21 st-ccntuI-y  missions, ancl  will also dcrnons[ra[c  methods to clras(ically reduce mission cos[s.
Advances in [cchnology  will enable  the reduction of spacecraft and ins[rumen[  size , an increase in autonomy and
rcduc[icm of of>craticms  costs, ancl  innovation in measur~>ment  techniques and mission architectures: all necdecl
for the hi,gh-rc’turn  missions of the future. Because the design spa(”e  of the technology-valic]ation flights exceeds
the available money and scheduling resources, the apprx~ach  will IJC to firs[ cx}~aus[ivcly  explore mission clcsign
space, ant} then cva]uatc  missions for such factors as technological value, scientific capability, cost, and level of
public intcrcs[,  ‘] ’he ovcrsubscribcc]  mission se[ can then he reduced to a nlaxil~lul-[~-\alL]e  set for implemen[aticm.
Anticipated societal benefits from NMP include stimula~ed  clevelopment  of advanced technologies and creation
of ncw U.S. industry to meet the clemancl  for capable microspacccraf[.

lNI”RODUCTION

Wllll  ~llc apprt]ach of the 2 ]s~ ccn[LlrY,  and mindftll  of ~~le  pul )]ic’s chan~it]g vic~vs  about  the space program

ancl  space exploration, the National Aeronautics ancl  Space Aclll~inistration  (NASA) is setting ambitious new
challcn~es  for itself. 3’llc space program and space exploration tecl Iniques, as dcvclopccl  in the 1960s, 1970s, ancl
] ~~os,  ]a,-gc]Y  Colllp]ctcc]  the initial rccc)llnaissance  C>f [he so]ar system and univclse,  and have rcachecl a ]~vc]  of

ma[urity  in the 1990s that requires a clramatic advance in technology  if \vc arc to ma[ch or exceccl the pace set
in the past. So NASA is stepping bolclly into the 21 st century by twing  revolu[iotlar-y  spacecraf[  [cchnology  as a
springboard to achicvins  a more cc)st-effective science l)rogram for [he future.

In pas{ clecadcs, NASA invested heavily in building a strong infrastructure within inclustry  to proviclc the
lcchno]ogy  needed to cxccutc NASA space missions, We must lLOW  capitali~c  on this invcs[ment,  which has
clcvcloped to a poinl where itlll>lclllell[atioll  of space missions c an be turned (}vcr  to inclus[ry, allowing it to
function within (he ccmstraints  of the free market. Governmcn[  should  back alvay  from the il~l]>letllel~tatio]~
aspects of the space program, concentrating more on the research nncl  clcvclopmcllt  of the technology needed for
il~l}>lcr~lcllta[iol~,  Ideally, government and industry should have  a working ~elationship in which the specific
streng[bs  of each arc combined in sLtch  a way that g,cwet-nrnent  funcls  are USCCI l])os[  cws[-cffcc[ively,  keeping in
mi[lcl  the public’s best interest.

A comprchcnsivc  evaluation of how best to enable t}lc 21 st-century scicncc  missions wc envision found tha[
the best investment wc coLlld  make WOL1lCI  be to concentrate oI~ c]eve]of~in~,  [cchnology.  ‘1’hese  “leapahead”
tcchnolosics,  as wc call them, arc the focal point of the New Mi]]cnnium  Pto87ratn  (N MP), which is designecl  to



fligh[ valicla[c technologies that will clemonstratc  both the kinds of capabilities ml] fu[ure missions will need  ancl
methods to drastically reduce  mission costs.

TECIINOI.OGIILS

We see  a cwst  revolution bcingbrmught  almu~ by aclvances in thfce  major areas.’1  he first is in technologies that
enable spacecraft size to be reduced by an order of magnit Llcfe or more. Smaller spacccraf[  can be laurrchecl  aboarcl
smaller, less costly  launch vehicles, ant] typically can be designed, devehpcd,  and tested much faster and ]ess
cxpcnsivc]y  than larger  vehicles. The seconc]  area  is autonomy (spa< ecraf[  and gioLInd), whic}~  can reduce the size
of Ihe o}>cratiolls slaffllcccied  to operate the spacecraft and execute tile miSsiL>n.  Finally,  entirely new measurement
techniques and mission architect  Llms  are emerging ~ha~ are inherently less ex]xmsive  than previously USCC1
methods to collect  scientific information about our planet, the sol:ir systcm,  and the universe aroLlncf  LIS. With a
10WCI  cost pcr  mission and thLIs  a higher possible launch rate for a given funding level, more risk can be [aken
cm each mission because lhc net impact to the overall prq,ram  is Ies>  in case of a sinp,le  mission failure. Acceptance
of higher risk for individual flights opens the door  to the use of more advanced [echnologics  that offer enhancecl
scientific return.

Spacecraft Size

A number of cvncrging lechno]ogies  can contrihu[e  to leducini’, the size  of fut~lrc  spacecraft. One of the most
far-reaching is the revolution in cligi[al  n~icrocleclronics.  Over the Im.[ 20 years, wc have wi[nessed advances that
havf  changed  data pmccssing  sys[cms  from a roomfLll  of exorbit:[nt]y  expcrrsivc electronics reqLliring  massive
power supp]ies,  extensive cooling systems, and specially tl-ainecf  Crlwrators,  [o the l)ome computer, which can be
plus@ into a wall ou[let and operated by most teenagers. 1’1 ,C trend in micrcwlcctrcmics  miniaturization
continues today, with fLlncliona]  densities increasin~hy  about a faL tor of two per year, and with similar  advances
in spcecl and circuit complexity.

Whi]c  these aclvanccs have gradual]y been incorpora(ecl  into SL ientific  space missions, .spacecraft electronics
have  typically lag~cd  behind  cmcrgin~  consLlmer  prcxlucls  by a dccacfc o] mole, corresponding to greater than
three orders of nmgnitLldc  in capability. Onc  NMP goal  is to close this gap by developing space-qualifiable
clcc[t-onicss  ystcms  that  a~-e closer to the sta[c-of-the-ar[ commcr-cial  pmducls.  Civilian and Department of Defense
g[~\’crrlrl~cilt-sll]  >l>(>rtccl  research and clcvclopmcnt  arc also Ieacling  the way toward higher integration clcnsities
and lower-power systems, which are  performance parameters }J:~rticLllarly  im]x~rt  ant for space applications.
}lighcr-c]cnsity  c]ectrcmics  arc cnvisicmed through cxtcndin8  the clesign  space out of two-dimensional planar
circui[s  in[o the third  dimension by stacking chips anti moving toward  the r-ealiza~ion  of fully three-dimensional,
very large-scale integration. The goal  is to achieve fully integrated sf>accciaft avionics  systems by incorporating
no( only the processor and memory electronics, hut also enginc<ring  sensors , spacccraf[  power rnanagerncnl
systems, and digital communications clcctmnics.

I~fficicnt  pmvcr gcnci-atirm  ancl  sloragc  arc also recluired  c-lcm~m[s  of a microspacccraft.  NMP is considerirrg,
the usc of lithium ion batlcrics  capable of storin~  three limes m[lre  power per kilop,ram  than nickel cadmium
batlcrics, as a first step towards more efficient power storage. }li~,lwefficicncy  solar conccnlra[or  arrays capable
of generating sufficient power for an all-solar craft beyoncl the orhi[  of Jupiler  are also under consic]mation.  l.argc
apcr-rurcs  arc also necessary for clecp  space solar power  collection, as well as for o[hcr  spacecraft fLlnc[ions  such
as lat-gc photon buckets  forcollec~  ingweakscicnce  signals, ancl transmission of tclclnctry  far from Ear[h, }lmvever,
the LMC of small,  less expensive launch vehicles preclL~dcs  systems that arc massive or are large  in scale in their
configuration during launch. This leacls  to the consicferat ion of gossamer s[r-Llct  Llrcs  (hat  are dcploycc] to their full
dimensions in space. S(rLlct  L{rcs (hat  expand, inflate, unfLirl,  or unfold arc options, and the challenge is to achieve
the required accuracy of shape and smoothness after clcployment.  T:or examp]c,  a Ka-band  telemetry antenna
recluircs bct[er  than 1 millimeter RMS surface roughness and dcforrnation.  Onc approach to improving the
cffectivc  figLlrc  of the system is 10 LISC  an aclaptive  secondary ref]ec[or,  which can he rc]ativc]y  small in scale, thal
compensates for unavoidable irrcgLllarities  in the large  ]11-inlary.

Arlotllcra}>}>r(>  acll to r-educing spacecraft massis  through r~ltlltil~lexirlg  ftlt~cti(>l~s. In a discrete irlll>lc]llct~tation,
this can bc as straight for-wa~d  as using the same reflector for- telemc[ ry ancl  solar pmvcr- collection, or sharing input
optics for mul[iplc  sensor arrays operating in clifferen[  wavelcr  Igth regimes. (hl a more fLlndanwn~al  level,



spacecraf[  s[l-uctural clcmcn(s  can be designed [o build in n~Llltiple  fllnclional  capabilities, such as [hcrmal  con[rol
ant] si~na]  and power distribution. Usin~ the intericrr  and exterior surfaces to moL~nt processing e]ectrcmics  and
sensors, rcspcctivclyl  multifunctional bLli]ding  blocks can be realized that sna])  (ogcther  to form the spacecraft
strLlc[urc, T-he ensuing moclulari[y can significantly reduce design and fabrication times and costs,

Scicncc ins[rLlnlcnts and certain engineering sensors  must a]so  ] m n~iniatLlrizcc!.  I’arl  of the scr]Lltion  lies in fLll]
sys[cm in[cgr-ation, using emerging low-mass struct  Lmal  ma[erials  sLlch  as SiC; shared optics; highly sensitive,
large-area focal-plane arrays; and low-noise rcadou[  electronics. Nc\varray  tccbnolc}Sics  that  enable flexible, pixel-
by-pixel rcadcrLlt  architeclLlrcs  can be manufactured on stanc]arcl  nlicrcre]cctronics  fabrication lines and operate
with simplified control  clcc~rcmics, which will  fLlrther  lower the cost,  complexity, ant] mass of imaging systems.
Emerging on-chip integration technologies dubbed MEMS (rnict  (]elcctrorllccllal~ical  systems) arc the basis of
fur-thcr brcakt}lroLl@s  in instrument n~iniatLlrizaticrn.  MI{MS tec]lncr]ogy  cnab]cs  the chiI>-]eve]  integration of
sensors with control, readout, and processing electronics. The lec}lnology  is also of val  Lle  for the aLltonlobile  and
medical ind Lwtrics  in particular, and for manufacturing atltonlation  in general.

Autonomy

l’hc second major area for COS[ rccluctiorr  is autonomy, primal i]y on the spacccraf[  bLlt  also on the gr-oLlnd.
Current spacecraft opcra~icrrrs  approaches require sizable grcrLlncl  s{aff, and clccp space missions are alrcacly  close
(o saturating nlLlch  of the tclcmc[ry  bandwicl[h available throL~g}l  NASA’s I)ccp Space Network (DSN).  As we
envision nlL[ch  higher- launch rates in the 2 1st ccn[Llry,  both operal ions cms[s and 1 JSN barrdwicltb  limitations arc
pLtshing  towards more onboard  aLltcrnon~y.  In particLllar,  it is clesir  able to remove (he reliance on groLlnd  staff for
fLlnctions  [bat can be pcl-formccl  on tbc spacecraft, and reserve the precioLls  tclcmctry  rcscrLlrccs  for the retLlrn  of
hig}l-q  Lm]ily  science dala. In [he past, the design philoso])hy  was “[lcm’t  do anything on the spacccraf[  that can be
done on the gr-oLlncl”;  now the philosophy is “clon’t  CIO  anythingon  [}~e groL1nd  thal  can bc done on the spacecraft .“

‘I”hc  firs[  SIC}> along I}IC pa[h to autonomy is [o reconfigure the ground and spacecraft operations software
architccttlre  into a unified, modular system that permits migration ~)f functions froln the groLlncl  to [he spacecraft.
1’Llnc[ions  that  will he migrated to the spacecraft incluclc  anolnaly  clc~cctiolt  and faul[  recovery; resource
nmrqcmcnt;  scqucncc gcncra~icrtl;  autonomous navi~aticrrr,  guic]ance  ancl  conlrx)l; and crnbcrard  target detection
and scicncc da[a  processing, MLlch  of this fLlnctionality  exists  in theoretical models ant] sinlLll  ations,  ancl  NMP
expects to validate many of these capabilities in early flights,

I;or deep space missions, onboard  optical navigation Llsing  known as[croids  will enable a spacecraft to carry
OLI( precise [rajcctcrry  dctcrminaticrn withoL1t  any groLlnd-based tracking. By car rying  the planetary cphcrneridcs,
the spacecraf[  will then calculate  and cxccLltc the needed trajectory correction nu!ncu\7crs  to arrive at the target
body. When it is in the vicinity of the target  body, the spacecraft will  point one or more of its imaging sensors at
that target and con~mcncc  taking pic[Llrcs.  Onboard  analysis of these pic[Llrcswill  provide point ingerror  clata  that,
when combined with onboard  trajectory-generated information, will be Llsed [(~ update the camera  pointing
angles. ‘Ibis closccl-loop  target body tracking will be completely c:trricd out wi[hout  any 8rcrLlncl  intervention. In
addition [o autononloLts guic]ancc ancl  navigation, the spacecraft will  also perform comprchcnsivc  faLllt  protection
and corr”cction  and crnboard  mission phmning and execLltion to fllrthcr  recl~lcc  ~t’ound control  dependency.

Mcasurcmcnt  l’cchniqucs and Mission Architectures

“1’hc final  area for innovation to enhance the capability per cost crffutLlrc  missions is tha[  of new nlcasLlrcnlcnt
~cchniques  and mission architectures. A major component is [he (lcvelopmcn[  of microscnsors based on MI\MS
tcchnolo~y  Micromachinccl  strLlcturcs are the basis of a wide vat iety of chif~-level sensors, incl Llding  chemical,
geophysical, nlctcoro]ogica},  nlass/energy analysis, and scisnw]o~,ical sensors. M1:MS sensors offer the potential
for low-cost in situ nlcasLlrcnlcnts  as an alternative to costly sam]>le  return for many scientific invcsli~l[ions  of
oLlr solar system. Advances in chip-level photonics  also enable a range of miniature active sensor systems, sLlch
as ]idnrs  and  synthetic apcrl Llrc  radars, that can be Llscd  to image s~~lar  system boclics,  inc]Ll  ding plane{ Earth, from
space.  C.onstcllalions  of nliniatLlr-c “scnsorcraft”  dcsi  F,ncd and fabrica(cd  around the microscnsors  can be
envisioned man  approach  tcrinvcsti~ate dynamic ancl  complex syslcms  that  cannot  be well clwrractcrizccl  by single
probes. ‘1’his  cxtr-cmc  miniaturization a]so Llnclerlies  the possibility of free-flying instrumcn[s  that could map crLIt
the three-dimensional character of solar and planetnry ficlcls.
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M1SS1ON PI. ANS

The first block of NMP missions includes three deep space missions and tw{~ or three Earlh-orbitin,g,  missions.
As currently planned, all  will be launched cluring  the three-year period 1998-20(M.  I%h mission is dcsignecl to
validate a suite of (be aclvanccd techrrologies  judgect to bc important enablinx  elements of NASA’s fu[ure lower-
cost, yet ambitious, sl)acc  and Earih science program, as describc{l  above.

]’ot-mulating the overall plan for these valicta[ion missions, including the logical orc]ering of them, involved
the simul[anccms  investigation and evaluation of several wchilectural  issues. l’hese  issues included the nature of
the candida[c  advanced technologies ancl  their potential benefits [[~ future NASA scicncc  missions, [he clefini[ion
of candidate mission types tbal COUIC1  serve as a “test track” for th( technologies, the launch dates ancl  cluration
of the missions, concepts for mission operations, techniclues  for validating the technologies during the missions,
prospcc(s  for science during the missions, launch vehicle options, synergies bc[wccn  the various NMP missions,
syncrgicsbc(ween  the NMP and ongoing NASA science programs, :(nd  various fLtt-l(lil~~,]>rofile  and costin~  issues.

Kcy trade-offs addressed include technology conlent  for eacl] mission, target  spacecraft mass and ]aunch
vehicle sclcclicm,  na[urc  of lhe primary ancl  cxlcndcd  mission pllascs  for each lnission, and the assessment of
various factors related to mission reliability and resiliency. To illustrate how this process was usecl and what it
produces, the firs[ three plannccl NMP deep space missi~ms  are dtscribed  below (NMP Ear~h-crrbiting  missions
arc nol addressed in this paper).

First NMP Deep Space Mission

The first planned deep space mission --- ancl  the first NMP mission  — will vali(late a complement of advancec]
technologies needed by a broad mix of future NASA science missions: advancec]  miniaturized avionics;
miniaturized deep space [elccc>llll~~tlllicalions  cquipmen[;  advancud ba[~cl ics and solaI-  array technology; one or
more prototypes ofadvancccl  miniaturized science instrLlmen~s,  such as inl:igill~,  slJccttc>nlc[crs;  ancl  various types
of onbcmrcl  autonomy, such as one that enables autonomous gui(i  ante, naviF,at  ion, ancl  control. Also  slated for
va]ic]ation  on this mission is so]ar e]ectric  pmpu]sion  (S1;1’).  C)ne ~()-cmtimeter.  cliamc[cr  ion thruster will  sLlpp]y
[bc primary source of [hrust for the vehicle, generating [hr-ust levels of 10 to 100  millincw(ons  clepcnding  on the
commanded sc[[ing.  Xenon gm is the propellant.

‘1’0 prove OLII Ibcsc technologies, foLlr  mission types were invcs[igated  as candidates: a SEP-propelled  spiral
from Iar[b {o [he Moon, followed by a ILlnar  gravity assist and a flyby  of a ncal--liat[b  as[croid;  a rendezvous with
a near-Ikil-th as[eroid;  a n~Llltiple  flyby scqLlence  of a near- Ear[h a<teroid  anrl a comc~; and a comet  rendezvous.
I’or scvcra] reasons, the asteroid/conwl flyby profile was u][imatc])  selected. At least  two launch  crppor[Llnities  in
1998 allow b<~th (al-p,cts  [o bc visi[cd within  a year [o 18 months froln launch, usinr, an 1 1.V-2-class  ]aLlnch  vehicle.
I;xtcnded  mission oppor[Llnilies  exist,  inclLding  one or more acl(l  itional  small -tmcly flybys.

Second  NMP Deep Space Mission

The second plmncd NMP deep space aclvanced  technology-validation mission seeks to demonstrate
prototypical tcl-r-es[rial  planc( micropenetrator  [technologies. A wide varie[y of fut~ll  e science missions require this
capability CJnc  or two of these microprobe, consisting of a very low-mass aeroshtll  and very low-mass pcnetrator
systrm,  will bC carried to Mars by [he crLlisc  sta~c of the Mars ’98 lander nlissior~,  onc of two launches planned
(this  OIIC  in early 1999) during the 1998--99 Mars window by NASA’s Mars  IIx~Jlomtion  Program.

I’ollowins  a 6-10  10-month cruise, the small systems, approxil[iately  2 kilop,rams  each, will be separa[ed from
the crLlisc stage abou[  10 days from Mars entry. They are desi~ned lo self-orient into lhc proper a[rnospheric  entry
angle rc~?rdlcss  of entry in[erfacc  attitude. They then ballistically entcl-  and dcsccnd  wi[hout  parachutes or any
other mccbanical  or propulsive devices, and ultimately impac[  the surface of Mars a[ approximately 150 meters
per second. ‘I”hc small,  1 -kilogt-am  micropcnctrator  punches through  the am~shc]l and finally comes to a stop
about 0,5  meter below the surface. A small aftbody with a communicant ions al IIcnna remains on the surface,
conncctcd  to the subsulfacc  package by a coaxial cable. The clem~n[s  of the pcnc[ra[m  sys{cm inclucle a sui[e of
highly miniaturized components necclccl  by most future nlicropcnetrator  systms:  batteries, power electronics,
con[rml  and data  handling microclcctrx)nics, [cleconlllltlt~icatic>lls  ecluipmcn[ atld  an[enna,  e t c .  l:or  the NMI’
clclllc~]~str:l[i{>ll,  various op[ions  have  been identified fol the incl~lsion  of a prc~tutype  l~~icroitlstrLllllcnt  into the



design [o dcnmnstrate  that [he rnicrcrpenetrator technology indeed has [he capability to acquire and relay a
meaningful measuremcn[  lo an orbiting craft, assumed to be the hlars ’96 orhi[er.

Third NMP Deep Space Mission

The third planned deep space (cchnology-validaticm  mission is a [hrce-spacecraft, free-flying interferometer
placed in solar orbit by a sinsle  launch. Owing to employment of kilorne(er-lonp, (or longer) baselines, separated-
spacccraft,  free-flying intcrfcrome[ers  hold the potential for enabling  clramatic breakthroughs in astrophysics by
virtue of their unparallelcc]  capability for resolving distant astronomical  crbjccts. ‘] he first cferncmstration  of this
observing tcchniquc  in space by NMP will place NASA on a path tcnvarcf  using,largcr,  more sophisticated versions
of such instruments to detect, irna~e,  ancl  characterize Eart}l-like  planets around other stars in our galaxy.
“1’cchnical  challcn~es  to bc taken on by NMP with this six-month nlission  include fainl  starli~ht detection (down
[o 14th nmgniludc)  with (WO spacecraft; use of actively controlled optics  to manipulate and combine the s[arlight
from the two collector spacecraft in the cornbincr  spacecraft with 10-nancrnlc~cr  control; use of a laser me(rology
systcm 10 prcciscly  measure [he starlight path lengths and optical baselines betwmm  the three spacecraft; use of
a Iascr-based “kilometric optical gym” [o measure the overall rotalion  rates of [hc three-spacecraf[ constellation
cluring operations; precise sta[ionkceping  for all three spacecr:if[  with control to the centimeter level; and
techniques for initializing lhc configLlra[ion of the constellation following  laurlch ~’ehiclc  separation.

PATII  TO TIII:  ?;lJTUR1:

NASA’s Ncw Mi]lcnniLlnl  I’mgram will  spur the development of the revo]Lltionary  technologies nceclcd for the
high-rc[urm,  lowm-cos[  space ancl Ear[h science missions envisioned] for ~he 2 1s{  ccn~Llry.  These “lcap-ahead’)
tcchno]ogics,  imp]cmcnted  in va]ic]ation  flights, wi]] demonstrate the capai~i]itics  nccdcd  for fLlt  Ltrc missions. The
NMI’ tcc}l~lc>lo~y-valicla[iorl  flights arc also science missions, sclec~cd  accordin~  10 a series of asscssmcnr  cri(cria
designed 10 maxirnizc Ihc scicncc  return and at the same ~inle  tho~tnlgh]y  prove the technologies as they perform
in spaccfli@t  conditions. Socic[al  benefits will be both immediate and ongoinx:  in [he stimulation of techrmlo~ical
dcvclopmcnt,  the creation of new tJ. S. industry through the recltlirernent  for capable rnicrospacccraft,  and the
acceleration of academic work from research to applicatiorl.
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